A method for the fabrication of n-type porous silicon ͑n-PS͒ is developed. The Hall effect is applied in the fabrication process. The majority carriers in n-type Si ͑electrons͒ are swept down by the Lorentz force. Enough holes continuously appear on the surface layer to participate in chemical reaction during the etching process. Illumination sources are not necessary in this method. Therefore, no illumination limit has to be concerned in the formation of deep PS layer. The morphology, porosity, and photoluminescence of the n-PS prepared by the proposed method are investigated. Strong visible photoluminescence emissions are demonstrated on n-PS at about 650 nm.
Porous silicon ͑PS͒ structures consisting of many pores and pillars are widely used to yield efficient visible light emission at room temperature.
1,2 Lots of PS-based optoelectronic devices have been researched. [3] [4] [5] [6] The PS formation techniques have been developed, including electrochemical anodization, [7] [8] [9] stain etching, [10] [11] [12] spark erosion, 13 and vapor etching technique. 14, 15 Electrochemical anodization is the most commonly used among them.
The electrochemical etching is performed in a hydrogen fluoride ͑HF͒ solution. The etching rates are controlled by adjusting the electrolyte compositions and etching current densities. It is well known that the etching current is governed by the hole generation at the Si surface to assist anodic oxidation during the electrochemical etching.
For p-type Si, the holes are the majority charge carriers, and the p-type PS ͑p-PS͒ layers are easy to produce. On the other hand, n-type PS ͑n-PS͒ is very difficult to form since the holes are the minority. Most of the researches done on PS have been made on hole-rich p-type Si. However, the control of n-PS is necessary since an application based on n-type substrate is possible in light emitting diode technology and microelectronic technology. 16, 17 So far, illumination is the popular way to generate the holes required in n-type samples. 18, 19 However, the actual photoenergy absorbed by atoms is very sensitive to the illumination-source intensity and electrolyte environment in which the conditions are not constant in the process. The illumination intensity is proportional to the inverse square of distance. Therefore, only top-layer atoms are excited and the electron-hole pairs are produced only on the surface layers under illumination. The etching rate will gradually decrease because the illumination cannot reach the deeper layers. In other words, illumination-assisted etching is depth limited. The PS morphology and formation mechanism are influenced by such illumination factors. A cone-shaped PS structure is often formed. 9 In this letter, an alternative method based on the Hall effect is applied on n-PS fabrication. The hole supply results from the carrier sweeping by the Lorentz force without any illumination. The inversion layer ͑from n type to p type͒ is created on the upper layers. Besides, no vertical metal electrodes are needed to be soaked in the electrolyte to serve as a cathode. Therefore, the illumination-free etching container can be well designed as a hermetic container with a strong cover for the safety of handling corrosive HF electrolyte. Besides, the metal-electrode contamination can be prevented in HF electrolyte. A straighter and deeper PS morphology is obtained. A strong photoluminescence ͑PL͒ phenomenon appears similar to p-PS.
The schematic diagram of the experimental setup for preparing n-PS is given in Fig. 1͑a͒ . The main body of the HF electrolyte container is made of Teflon materials. A mixture of HF : C 2 H 5 OH v 1 : 4 is utilized as the etching solvent here. The apparatus is designed with a vertical arrangement. The sample is face up so as to easily remove the hydrogen bubbles from the PS surface. No vertical electrodes are needed in our design. The PS samples are prepared on n-type Si ͑100͒.
The sample is exposed to the Hall-effect environment. An electrical field ͑a voltage V x ͒ is biased on the samples in the x direction and makes a current I x . In the y direction, a magnetic field ͑B y ͒ is placed perpendicular to the current. Charge carriers flowing in the samples will experience a Lorentz force ͑F z = qE z = qV x B y ͒, as indicated in Fig. 1 . The majority carriers ͑electrons͒ are swept down by F ជ z . A Hall voltage ͑V H ͒ across the semiconductor is built in the z direction. By applying a sufficiently large bias voltage and a magnetic field density, the upper layers of the semiconductor are depleted and then inverted from an n-type to a p-type semiconductor. Enough holes can be revealed on the upper layers to participate in chemical reaction during the etching process. The schematic mechanism is plotted in Fig. 1͑b͒ .
The illustrative equation of the overall process during the PS formation can be expressed as follows:
The etching rate is determined by the hole ͑h + ͒ accumulation in the adjacent regions of the HF electrolyte and Si atoms. It can be found that the hole accumulation increases with the magnetic field.
Under a magnetic field ͑B y ͒ of about 20 mT and a voltage ͑V x ͒ of about 60 V, PS layers are successfully fabricated by the Hall-effect etching method without any illumination sources. The top view and cross-section scanning electron microscope ͑SEM͒ images of the PS sample are shown in Figs. 2͑a͒ and 2͑b͒, respectively. A larger voltage drop across the x direction will cause a larger gradient situation of the etching extent of PS. To easily show the gradient situation for further investigation, a larger V x is adopted in this study. On the other hand, a small V x is suggested for the film uniformity. Four regions ͑A-D͒ are described for the sample, as shown in Fig. 2 . The pores are narrow and straight with a high aspect ratio because the hole-supplying mechanism is bottom-up. The mechanism is different from the conventional method in that it only relies on the illuminated surface atoms. The pore depths of the PS layers are about 53 m ͑region A͒, 45 m ͑region B͒, 29 m ͑region C͒, and 3 m ͑region D͒. Figure 2͑c͒ shows the schematic of the pore depths and distribution for the four regions.
The experimental results are helpful to understand the variation of PS morphology at different positions under the Hall effect. The variation of morphology in A-D regions implies that the areas closer to the anode can accumulate more holes to participate in etching reaction. Such plenty of holes following the bottom-up paths lead to high-aspect-ratio pores with a deeper and straighter shape. The hole concentration and originating source determine the pore shapes and PS morphology.
In conventional illuminated n-PS, after surface pores ͑of few micrometers͒ are formed, photoenergy is not completely received by the deeper layers. Therefore, the deeper layers find it difficult to form the required PS in the darkness. 20 Only a thin part of the PS layer contributes in the PL. Meanwhile, a lateral etching keeps going on and cone-shaped pores are produced. Thus, the n-PS visible luminescence with a depth limitation is usually less than p-PS. In our method, the visible luminescence of the n-PS is similar to the hole-rich p-PS.
An excitation wavelength of 325 nm from a He-Cd laser is used for the PL measurements. Figure 3͑a͒ are the PL spectra of A-D regions under the conditions of B y =20 mT and V x = 60 V. From regions A to D, the PL intensity, etching extent, and porosity decrease, as shown in Figs. 2 and 3 . The high PL intensity in region A is attributed to the high hole concentration, and hence to the high porosity. Figure 3͑b͒ shows the naked-eye photos of the PS samples under normal light ͑left-side figure͒ and ultraviolet ͑UV͒ light ͑right-side figure͒ at room temperature. Obviously, the PS sample produces a strong emission of orange-red luminance under UV illumination. The PL intensity is proportional to the hole concentration that appears on A-D regions gradually. This implies that the selective etching and the gradient light emission on the identical sample by this method are possible.
The influences of magnetic field B y ͑0-20 mT͒ on the light-emission areas and the overall average porosities have been investigated in Fig. 4 with the naked-eye photos. A stronger B y ͑20 mT͒ causes a higher V H and a larger hole concentration on the upper layers. A larger hole concentration leads to a condenser pore distribution and hence a stronger luminescence emission. These results are consistent with the results in Figs. 2 and 3 .
The overall average porosities of the whole samples ͑P͒ are calculated by 
where M 1 is the whole-sample mass before PS layer formation, M 2 the whole-sample mass after PS formation, and M 3 the mass after removal of PS layer in a KOH solution. The overall average porosities in this study are much smaller than those produced by conventional methods. It can be attributed to the smaller and deeper pores in our method. Moreover, for the gradient etching situation, the local porosities of some areas ͑especially in the area near cathode͒ approach zero, and lower down the overall average porosities. The naked-eye photos under UV light are also shown on the right side of Fig. 4 .
In conclusion, a method for manufacturing n-PS by the Hall effect is proposed. The etching process is anisotropic and illumination-free. A gradient etching that is controlled by electric field can be formed on the identical sample. Different PS structures in four regions on the same sample are explored. The magnetic field controls the hole accumulation, PS formation, and light-emission areas. A strong visible light is obtained on n-PS at room temperature.
